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Abstract 
Background: A regular supply of nutrients such as nitrogen and phosphorus to agriculture is needed for global food 
security, and increased recycling of nutrients back to agriculture from organic waste streams is necessary for increased 
rural–urban sustainability. Anaerobic digestion of sewage sludge and agricultural wastes is widely applied to stabilize 
the substrate and capture some of its energetic value via biogas production. Anaerobic digestate is a concentrated 
source of nutrients to which nutrient recovery technologies can be applied. By combining anaerobic digestion and 
nutrient recovery technologies on the digestate, both energy and nutrient recovery can be achieved. Two promising 
technologies that could increase nutrient recycling from different types of wastewater are struvite precipitation and 
ammonia stripping. This review examined the effectiveness of these ecotechnologies for the recovery of nitrogen and 
phosphorus from anaerobic digestate with the aim of reducing the impact of waste on the environment.
Methods: We searched for academic and grey literature published after 2013. Searches were performed in 5 biblio-
graphic databases in English, in the search engine Google Scholar in English, Swedish, Finnish and Polish, and across 
a range of organisational websites in English, Swedish, Finnish and Polish. Eligibility screening was conducted at two 
levels: ‘title and abstract’ and ‘full text’. Included eligible studies were subject to a critical appraisal that assessed exter-
nal and internal study validity. We extracted information on study characteristics, intervention, comparators, effect 
modifiers, and measured outcomes. Data synthesis included narrative synthesis of each study of sufficient validity. We 
performed quantitative synthesis on a subset of studies.
Review findings: The review included 30 studies on struvite precipitation and 8 studies on ammonia stripping. Both 
pH and Mg:PO4 ratio were found to have a clear influence on the effectiveness of struvite precipitation process (and 
thus nutrient removal rates). The response to pH was found to be non-linear, resembling a bell curve with a maximum 
around pH 9.5. Mg:PO4 ratio was found to have a positive effect on removal up to a ratio as high as 4:1. However, it 
should be noted that high removal efficiencies were sometimes achieved at a ratio as low as 1:1 as well. Although 
the effects of pH and Mg:PO4 ratio were clear, the model developed could not accurately predict removal based on 
these two parameters alone. Studies on ammonia stripping were relatively heterogeneous. Due to the small size of 
the evidence base, and the heterogeneity between studies, no conclusions are presented regarding the influence of 
different process parameters on the outcome of ammonia stripping.
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Background
Global food security depends on a regular supply of 
nutrients such as nitrogen (N) and phosphorus (P) [1]. 
The last century has seen a large-scale shift towards 
synthetic fertilizers: the N in agricultural fertilizer is 
now largely synthesized through the energy-demand-
ing Haber–Bosch process [2], while much of the P is 
extracted from finite mineral reserves [3]. Overutilization 
of these convenient sources of nutrients has not only led 
to eutrophication, it has also raised concerns regarding 
future nutrient supply and food security [4]. Prior to the 
advent of synthetic fertilizers, animal manure and human 
excreta were the dominant nutrient sources for crop 
production. Animal manure still plays a key role: in the 
EU27 for instance, spreading manure on agricultural land 
constituted approximately 53% of the P and 33% of the 
N applied annually to agricultural soils in 2005 [5]. How-
ever, large-scale industrial animal production as well as 
spatial segregation of crop-intensive and livestock-inten-
sive areas leads to uneven spatial distribution of manure, 
creating nutrient-deficient areas on the one hand and 
nutrient hot-spots on the other [6–8]. Finding cost-effec-
tive manure processing technologies that facilitate the 
transfer of nutrients between these areas and produce 
safe and stable fertilisers from organic waste streams is 
a fundamental quest for sustainable agricultural produc-
tion [9].
The nutrients contained in domestic wastewater could 
substantially contribute to global nutrient demand if they 
are successfully recycled [10]. However, wastewater treat-
ment has traditionally focused on protecting receiving 
water bodies against eutrophication, through the removal 
of organic matter, N and P from the effluent, rather than 
on nutrient recovery per se. Some nutrient reuse (primar-
ily P) from domestic wastewater has been achieved for 
many decades through the application of sewage sludge 
to agricultural fields. However, a large share of the sew-
age sludge produced in the world is currently either land-
filled or used in ways that does not contribute to efficient 
use of nutrients for food security [11]. The P content in 
sludge depends on the P removal processes applied at 
the WWTP, where P removal from wastewater into the 
sludge can be achieved by different chemical precipita-
tion or biological removal processes [12]. The recovery 
rate of N through sludge application is low compared to 
that of P, since most N is either removed by denitrifica-
tion or remains in the treated wastewater at conventional 
WWTPs [13]. The suitability of sludge as a fertiliser in 
agriculture is debated in many countries due to contami-
nants that can be found in it. In addition, WWTPs are 
typically not located close to the arable land where sludge 
from wastewater processing could be applied [7], which 
increases the difficulty and costs of transporting it.
Complementary nutrient recovery could decrease the 
need for mineral P and N fertilisers, reducing the pres-
sure on respective biogeochemical cycles [14, 15]. Anaer-
obic digestion of sewage sludge, blackwater, manure 
and other agricultural residual streams is widely applied 
to produce biogas, which can be a source of renewable 
energy. Dewatering of the digestate (the organic mate-
rial resulting from digestion), often applied to reduce its 
weight, results in a liquid and a solid phase. The liquid 
phase of anaerobic digestate is a source of nutrients, such 
as N and P, to which nutrient recovery technologies is 
often applied. The catch is that the liquid phase of diges-
tate only contains a portion of the total nutrient influx, 
which limits the total recovery potential. Nevertheless, 
by combining anaerobic digestion and nutrient recovery 
technologies, both energy and nutrient recovery can be 
achieved.
There are many technological solutions for nutri-
ent recovery from organic waste streams available on 
the market, several of which are suitable to apply to the 
liquid phase of digestate. Two of these are struvite pre-
cipitation and ammonia stripping. These two technolo-
gies for P and N recovery were identified in systematic 
maps of technologies for recovering nutrients and carbon 
from domestic wastewater [16, 17] and agricultural waste 
streams [18], where struvite precipitation was one of the 
most represented technologies.
Struvite precipitation is a technology that is used 
mainly for P recovery. Struvite is a crystalline mineral 
composed of equimolar concentrations of magnesium 
(Mg), ammonium  (NH4) and phosphate  (PO4) with the 
chemical formula  MgNH4PO4*6H2O. The struvite pre-
cipitation process depends on several parameters, per-
haps most notably pH and the molar ratio of  NH4,  PO4 
and Mg in the liquid. A simplified precipitation process 
is depicted in Fig.  1. Although wastewater typically 
includes some Mg, the ratio of Mg to  PO4 and  NH4 in 
Conclusions: In conclusion, when performed under the right conditions (i.e. pH around 9.5 and Mg:PO4 ratio of at 
least 1:1), available evidence suggests that struvite precipitation is an effective technology for the recovery of nutri-
ents from the liquid phase of anaerobic digestate. The evidence base is limited for ammonia stripping. We provided 
suggestions of which data to report in future studies.
Keywords: Circular economy, Wastewater treatment, Manure management
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the stream must often be improved through Mg addi-
tions to achieve efficient struvite precipitation from 
wastewater rich in  PO4 and  NH4. Provided an excess 
in Mg, the concentration of either  PO4 or  NH4 in the 
stream will limit the reaction (depending on whether 
 PO4 or  NH4 has the lower concentration). Struvite is 
an effective slow-release fertiliser with a relatively low 
content of contaminants, which can replace fertilisers 
produced from phosphate rock [19]. The value of stru-
vite as fertiliser has only recently been understood and 
it is now the focus of increasing research attention [20].
Ammonia stripping is applied to liquids contain-
ing high concentrations of ammonia [21, 22]. Figure  2 
shows a simplified ammonia stripping process. High 
temperature and pH increase the efficiency of ammonia 
stripping, since this leads to a larger fraction of N being 
present as gaseous ammonia. Other parameters that 
may influence the effectiveness of the process include 
liquid to gas flow ratio and reactor configuration (i.e. 
counterflow or cross-current). The stripped ammo-
nia gas is recovered by absorption to an acid, com-
monly sulphuric acid. The resulting product is a low pH 
ammonium sulphate, used as a fertiliser recommended 
for use on soils with alkaline or neutral reaction [22].
Although there are some relevant reviews on the 
topic [6, 23, 24], to our knowledge, no systematic 
reviews of the effectiveness of struvite precipitation or 
ammonia stripping for reuse of nutrients from anaero-
bic digestate have been conducted.
Stakeholder engagement
The topic for this review was initially proposed by the 
research funder BONUS (https ://www.bonus porta 
l.org/). The scope of the project was then refined 
through expert discussions as part of the process of 
drafting an application in response to the call by the 
research funder. The scope and the search strategy were 
further refined by a stakeholder group consisting of the 
broader BONUS RETURN project consortium mem-
bers (see https ://www.bonus retur n.com/), local stake-
holders from the three BONUS RETURN case study 
areas in Finland, Poland and Sweden, as well as external 
experts from these countries, which explains the Baltic 
Sea basin focus.
Objective of the review
The primary review question for this review was as 
follows:
How effective are struvite precipitation and 
ammonia stripping for the recovery of phosphorus 
and nitrogen from the liquid phase of anaerobic 
digestate?
This review focused on struvite precipitation and 
ammonia stripping currently developed and applied 
globally. Specifically, we have chosen to investigate P 
(and to some extent N) recovery through struvite pre-
cipitation and N recovery through ammonia stripping. 
The liquid phase of anaerobic digestate was chosen as 
nutrient source, since it is commonly produced in the 
current management of both manure and municipal 
wastewater.
The review question components are as follows:
• Population(s) Liquid phase of anaerobic digestate 
from agricultural residuals and domestic wastewater 
(including blackwater) produced globally.
• Intervention(s) Struvite precipitation and ammonia 
stripping undertaken for the purposes of recovering 
N and P from the liquid phase of anaerobic digestate.
• Comparator(s) Inflow concentrations served as a 
control.
Fig. 1 Simplified struvite precipitation process ( Source: own 
elaboration)
Fig. 2 Simplified ammonia stripping process ( Source: own 
elaboration)
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• Outcome(s) Recovery of N (total N, ammonium and/
or ammonia) and P (total P, phosphate) expressed as 
a percentage of the nutrient content of the digestate.
Methods
The review followed the Collaboration for Environ-
mental Evidence Guidelines and Standards for Evi-
dence Synthesis in Environmental Management [25] 
and conformed to ROSES reporting standards [26] 
(see Additional file 1). It was designed according to the 
protocol published in early 2019 [27], with one altera-
tion. In the protocol we describe a combined review of 
current research regarding the technical processes of 
struvite precipitation and ammonia stripping as well 
as the fertilizer effectiveness of the products obtained 
through these processes. However, given the breadth of 
the subject, we decided to treat these subjects within 
two separate systematic reviews rather than as second-
ary questions within one systematic review, see Fig. 3. 
Although the present systematic review and the sys-
tematic review of the fertilizer effectiveness of struvite 
and ammonium sulphate used separate search strings 
to find relevant literature, search results were com-
bined and screened together. This was done as it was 
anticipated that some of the studies would include find-
ings relevant for both reviews. At the full text screen-
ing stage included studies were marked as relevant to 
either this review or the fertilizer effectiveness review. 
After screening and coding, analysis and synthesis of 
findings was done separately for each review, and out-
comes of critical appraisal, study findings and synthesis 
were presented separately. As such, the original pri-
mary question from the protocol, i.e. whether struvite 
Fig. 3 Conceptual diagram with review context and questions. The diagram is simplified, and it is showing an ideal system. There are P and N losses 
along the cycle. Adapted from Macura et al. (2019) [27]
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precipitation and ammonia stripping are effective 
technologies regarding both recovery and reuse of N 
and P from anaerobic digestate, will not be answered 
explicitly in either of the reviews. Instead, the original 
primary question will be answered by looking at the 
findings of both reviews together.
Searching for articles
Bibliographic databases We searched for evidence in 
the following databases:
1. Scopus
2. Web of Science (WoS) Core Collections (consisting 
of the following indexes: SCI-EXPANDED, SSCI, 
A&HCI, CPCI-S, CPCI-SSH, and ESCI)
3. Electronic Theses Online Service (eThOS)
4. Digital Access to Research Theses (DART)
5. Directory of Open Access Journals (DOAJ)
Searches were performed in March 2019 using sub-
scriptions of Warsaw University of Life Sciences and 
Stockholm University. These searches were conducted 
using English language search terms. All searches were 
restricted to articles published after 2013. This was partly 
done to be able to build on the mapping work previously 
done within the same project [17, 18], partly to limit the 
amount of work to a manageable level, but also to only 
include studies that reflect the current level of knowl-
edge. The following search strings were used in biblio-
graphic databases:
(struvite OR "MgNH4PO4" OR "NH4MgPO4" OR "Mag-
nesium ammonium phosphate*" OR "Crystal green" OR 
(ammonium AND (sulphate* OR sulfate* OR nitrate*)) 
OR mascagnite* OR ((stripp* OR scrub*) AND (ammoni* 
OR NH3 OR nitrogen OR air OR steam))) AND (digest* 
OR centrate* OR supernatant* OR dewater* OR "solid–
liquid" OR "bio refiner*" OR "reject water*" OR effluent* 
OR "liquid phase") [shown as formatted for WoS].
All the search details including search dates, settings 
and results of WoS, Scopus, eThOS, DOAJ, DART are 
available in Additional file 2.
Search engines Searches in Google Scholar were per-
formed between March and December of 2019. Searches 
were performed in English, Swedish, Finnish and Polish. 
Google Scholar searches were restricted to articles pub-
lished after 2013, as above. The first 1000 search results 
were extracted as citations using Publish or Perish soft-
ware [28] and introduced into the duplication removal and 
screening workflow alongside records from bibliographic 
databases. See Additional file 2 for details about Google 
Scholar searches including the search strings used, date of 
the searches and search results.
Organisational websites Additionally, to identify 
grey literature, searches were performed across a suite 
of relevant organisational websites. Each website was 
manually searched for relevant publications, using syn-
onyms of terms related both to struvite precipitation 
and ammonia stripping, as well as to combinations of 
outcome and recovery/reuse terms. Searches were per-
formed in English, Swedish, Finnish and Polish, corre-
sponding to the case-study countries within the BONUS 
RETURN project. The results from the organisational 
website search along with the used search terms for 
each website can be found in Additional file 2.
Additional sources The present systematic review was 
conducted in parallel with another systematic review on 
the fertilizer effectiveness of struvite and ammonium 
sulphate. The two systematic reviews used identical 
literature sources but different search strings. Because 
some of the studies included findings relevant for both 
systematic reviews, search results were combined and 
screened together.
For the fertilizer effectiveness review, the following 
search string was used in bibliographic databases:
(struvite OR “MgNH4PO4″ OR “NH4MgPO4″ OR 
“Magnesium ammonium phosphate*” OR “Crystal 
green” OR mascagnite OR (ammoni* AND (sulphate*” 
OR sulfate*”))) AND (fertili* OR field* OR farm* OR 
soil* OR agricult* OR arable OR agron* OR nutrient* 
OR crop* OR seed* OR food* OR yield* OR produc* OR 
uptake OR plant* OR vegetat* OR absor*) [shown as 
formatted for WoS].
Records from both reviews were screened together 
for efficiency. During the screening process articles 
were marked as relevant to either (or both) of the 
reviews.
Additionally, the bibliographies of all relevant review 
articles found were searched for relevant articles. Bibli-
ographies of all relevant review articles were screened 
separately.
Testing comprehensiveness of  the  search To examine 
whether the search strategy can locate relevant evi-
dence, the search results were compared with a list of 
‘benchmark’ articles known to the research team to be 
of relevance to the review. Some benchmark articles 
were not found by the initial search string, and search 
terms were examined to identify the reasons why arti-
cles were missed and modified accordingly. The final 
search strings captured all the benchmark articles.
Assembling library of  search results Results of the 
searches in bibliographic databases and Google Scholar 
were combined, and duplicates removed prior to 
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screening. A library of search results was assembled in 
the review management software ‘EPPI reviewer’ [29]. 
Literature from organisational websites was screened 
separately before being combined with other records.
Article screening and study eligibility criteria
Screening process Screening was conducted at two levels: 
title and abstract level (conducted together for efficiency), 
and full text level. The full texts were retrieved, tracking 
those that could not be located or accessed. Retrieved 
records were screened at full text. A list of unobtainable 
records is available in Additional file 3. Prior to commenc-
ing screening, consistency checking was performed on a 
subset of articles (10%) at both title and abstract level and 
full text level screening to assure screening consistency of 
all reviewers on the team. A subset of title and abstract 
records and full texts was independently screened by up 
to three reviewers. The results of the consistency checking 
were compared between reviewers and all disagreements 
were discussed in detail. Where the level of agreement 
was low (below 80% agreement), further consistency 
checking was performed on an additional set of articles 
and then discussed. Following consistency checking (i.e. 
when agreement was above 80%, lowest level of agree-
ment reached 80.4%), records were screened by one 
experienced reviewer. EPPI reviewer’s machine learning 
component was not used for screening as this component 
was not publicly launched at the time when screening was 
done.
Study eligibility criteria The following criteria was 
applied at all levels of screening:
• Eligible population(s) Liquid phase of anaerobic 
digestate from agricultural residuals and domes-
tic wastewater (including blackwater). Studies were 
included without geographical limitations.
• Eligible intervention(s) Struvite precipitation and 
ammonia stripping undertaken for the purposes of 
recovering N and P.
• Eligible comparator(s) Inflow concentrations served 
as a control.
• Eligible outcome(s) Recovery potential of N com-
pounds (total N, ammonium and/or ammonia) and P 
compounds (total P, phosphate) expressed as recov-
ered percentage in the digestate flow stream and/or 
total recovery in the wastewater.
• Eligible languages: English, Finnish, Polish and Swed-
ish.
Additional file  4 includes a list of articles excluded at 
title and abstract level and at full text level, with reasons 
for exclusion.
Study validity assessment
Eligible studies were subject to a study validity assess-
ment. The assessment evaluated external and internal 
study validity and categorised relevant studies accord-
ingly. The detailed criteria for the study validity assess-
ment of eligible studies (i.e. critical appraisal tool) was 
developed and trialed during the review process in sev-
eral meetings with subject experts. The critical appraisal 
tool was tested on a set of 10% of studies by the entire 
team. There were no reviewers on our team who have 
authored articles considered within the review.
Study validity assessment included evaluation of (1) 
study set up and design flaws (due to calculation errors, 
invalid outcome measurements or failure to control for 
the effect of additional competing interventions such 
as irradiation, dialysis or microwave treatment) and (2) 
susceptibility to bias (in the form of reporting bias, i.e. 
selective reporting of study findings). Studies judged to 
have flaws in design and setup or reporting bias were 
excluded from the narrative and quantitative synthesis. 
Then, studies without these issues were assessed for clar-
ity of reporting on reactor input, recovery process and 
composition of the final product. Studies deemed to be 
unclear on two or more of these domains were classified 
as ‘unclear’ and excluded from quantitative synthesis but 
were still included in the narrative synthesis. The stud-
ies that passed both of these two appraisal steps were 
included in the quantitative synthesis. Since all the stud-
ies included in the quantitative synthesis were judged to 
be similar in quality, no distinction was made between 
different quality studies, and as such no weighting was 
done. The validity of each study was assessed by two 
independent reviewers. Final decisions regarding doubt-
ful cases were taken by the whole review team. Addi-
tional file  5 includes details of critical appraisal criteria 
and a full list of all eligible studies, including the ones 
excluded based on validity assessment along with the rea-
sons for exclusion.
Data coding and extraction strategy
Data were extracted from eligible studies and recorded 
in spreadsheets that included pre-determined coding. 
Information was extracted on study characteristics, inter-
vention details, comparators, effect modifiers and study 
findings. Raw data, i.e. pH, Mg source, removal efficiency 
and molar ratios of P, N and Mg was extracted from the 
struvite precipitation studies that were included in the 
quantitative synthesis. Study findings (including the 
outcome values) were extracted from tables and graphs 
using the image analysis software WebPlotDigitizer 
(https ://autom eris.io/WebPl otDig itize r/) where needed. 
Missing parameters (such as unpublished efficiencies or 
concentrations) were calculated from reported raw data 
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whenever possible. The review team did not ask authors 
of relevant articles for access to unpublished raw data. All 
extracted data records are in Additional file 6.
Prior to coding and data extraction, a coding and data 
extraction consistency checking exercise was done inde-
pendently by each reviewer on a subset (10%) of records 
by all reviewers. All disagreements were discussed, and 
the coding scheme was clarified where needed.
Potential effect modifiers/reasons for heterogeneity
The following factors, which potentially can cause vari-
ation in measured outcomes, were considered and 
recorded if reported in primary studies. The list was 
refined during the review process based on consultations 
with experts on the review team.
• Specific characteristics of intervention and process 
parameters including temperature, pH, inflow con-
centrations, molar ratios of reactants, amount of 
chemicals added and hydraulic retention time
• Type of substrate used for anaerobic digestion
• Type of treatment processes before anaerobic diges-
tion phase and before application of struvite precipi-
tation or ammonia stripping
• Study design including study scale, reactor setup & 
type
Data synthesis and presentation
We have synthesized findings in a narrative and quantita-
tive form. A narrative synthesis described the validity of 
the results along with a summary of findings (in a graphi-
cal and tabular form) for each study passing the criteria 
specified in the section ‘Study validity assessment’ (see 
Additional file 7). In addition to the narrative synthesis, 
quantitative synthesis was performed for struvite precipi-
tation. Due to high heterogeneity between studies and 
lack of data, no quantitative synthesis was performed for 
ammonia stripping. In the struvite precipitation dataset, 
the effect of selected process parameters on the removal 
efficiency of  PO4 was investigated. Removal, rather than 
recovery, was chosen as the measure of outcome since 
this is what most studies report (removal and recovery 
rates are relatively similar for struvite precipitation). The 
investigated parameters were pH, Mg source (such as 
MgO or  MgCl2) and ratio of Mg:PO4.
Quantitative synthesis for struvite precipitation dataset
The main objective of the data synthesis was to derive 
quantitative models of the  PO4 removal and understand 
how the removal is influenced by pH, Mg:PO4 ratio and 
Mg source. The statistical analyses involved the following 
steps:
1. Handling of extreme values
2. Calculation of mean values
3. Fitting and selection of prediction models
4. Graphical presentations of models and prediction 
errors
Scatter charts of the two-dimensional distribution of 
pH and Mg:PO4 revealed that, with few exceptions, the 
majority of  PO4-P removal was measured within the fol-
lowing parameters: 7 ≤ pH ≤ 11 and 0 ≤ Mg:PO4 ≤ 4 (see 
Fig. 4).
Data outside this value space were considered too 
sparse for modelling the  PO4-P removal and thus 
excluded in the subsequent statistical analyses (for the 
list of excluded data points, see Additional file  6, sheet 
2. Outliers). In addition, we excluded data from a study 
during data extraction stage since we found (through re-
calculation using the raw data provided by the authors) 
that the reported values of ratio of Mg:PO4 were wrong. 
Apart from these two exceptions all extracted data were 
used (for details see Additional file 6, sheet 2. Outliers). 
The studies from which data were extracted varied with 
respect to the experimental design that was used. Specifi-
cally, there were few studies with replicated experiments, 
and few studies in which both the pH and Mg:PO4 ratio 
were varied at the same time. Together, this meant it 
was not feasible to assign meaningful standard errors to 
the observed mean  PO4-P removal in individual studies. 
To overcome the abovementioned difficulties, we com-
piled a dataset containing the average  PO4 removal for 
each of the 199 investigated combinations of substrate, 
pH, Mg:PO4 ratio and Mg source. Thereafter, regression 
models were fitted to the entire dataset and to subgroups 
representing specific types of substrates. This approach 
had the advantage that the models were primarily fitted 
to studies with a good experimental design in which both 
pH and ratio of Mg:PO4 ratio were varied, whereas stud-
ies in which these two variables were fixed played a minor 
role. An ideal regression model would be able to produce 
both accurate estimates of the expected removal for a 
great variety of substrates, Mg sources, levels of pH and 
Mg:PO4 ratios as well as reliable uncertainty estimates. 
Considering that the available dataset was too small to 
enable both a flexible structure of the mean function and 
an advanced correlation structure, any regression model 
is a compromise. We decided to prioritize smooth-
ing techniques allowing flexible models of the expected 
removal and accept that uncertainty estimates and p-val-
ues of statistical significance may be underestimated 
because all observations in such models are regarded as 
statistically independent. More specifically, we decided 
to fit generalized additive models (GAM) to data. GAM 
is a class of smoothing techniques in which a univariate 
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response variable is related to smooth functions of a set 
of predictors [30]. In its original form, the expected value 
E(Y) of the response variable (or a function g(E(Y)) of 
this value) was assumed to be a sum of smooth functions 
of a set of predictors  x1,  x2, …,  xp and as follows:
where  s1,  s2, …,  sp are estimated from the given data. If 
data are divided into classes, model 1 can be extended 
with constants representing systematic level shifts 
between the different classes. Current GAM procedure 
also makes it possible to fit models of the type:
here spline2 is smooth response surface, a so-called 
thin plate spline, in two variables. The main difference 
between models 1 and 2 is that model 1 assumes that 
the response to  x1 is the same for all levels of  x2, whereas 
(1)
E(Y ) = s1(x1)+ s2(x2)+ . . . + sp
(
xp
)
(model 1)
(2)E(Y ) = spline2(x1, x2) (model 2)
model 2 allows interaction effects of  x1 and  x2. In our 
review, the removal of  PO4 expressed in percent was 
selected as response variable Y, whereas pH or Mg:PO4 
ratio, or both, were used as predictors. In some analy-
ses of the entire dataset, Eq.  1 was extended with con-
stants representing different types of substrates. For the 
full results of the model fitting, see Additional file 8. All 
analyses involving GAM models were performed using a 
procedure called proc GAM in SAS Enterprise Guide 6.1.
Meta‑analyses of the struvite precipitation dataset
The struvite precipitation experiments included in the 
quantitative synthesis were subjected to meta-analyses, 
which were performed using proc MIXED in the statis-
tical software package SAS Enterprise Guide 6.1. More 
specifically, to separate variation between and within 
studies, the extracted data were fitted to variance compo-
nent models
Fig. 4 Distribution of pH and Mg:PO4 ratio between experiments
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in which Y is a vector of observed effect sizes (struvite 
recovery data in percent), the intercept β denotes the 
expected effect size, b is a vector of random errors (resid-
uals) on the between-study level, and ε is a vector of ran-
dom errors (residuals) on the within-study level. Separate 
analyses were performed on the entire dataset and sub-
sets representing struvite precipitation from manure and 
sewage sludge, respectively. In all cases, the confidence 
limits for the expected effect size were based on the 
assumption that the random errors on the between-study 
and within-study levels were independent and normally 
distributed.
Review findings
All searches (combined from this and a parallel review 
on fertilizer effectiveness) yielded 6573 records. Google 
scholar searches in English, Swedish, Polish and Finnish 
yielded no relevant records (please see Additional file 2 
for details). After removing duplicates (2764), 3809 
records were screened on title and abstract. Out of 945 
included records, 81% were retrieved. After full text 
screening of 762 records, we included 62 articles for 
the critical appraisal stage (from the initially screened 
87 full texts we excluded 27 that were relevant for the 
fertilizer effectiveness review, and included 1 article 
from the bibliographies of relevant reviews as well as 1 
from grey literature sources). Articles were divided into 
‘studies’ and ‘experiments’. Studies were defined as fol-
lowing a specific treatment train, i.e. treatments being 
conducted by the same lead group of authors utilizing 
one specific reactor setup. In each article there can be 
several studies, and studies can be reported across dif-
ferent articles. Experiments were defined as individual 
reactor runs. Studies can contain several experiments, 
i.e. if process parameters (such as pH and temperature) 
are varied within the same treatment train. In the criti-
cal appraisal stage, 25 studies were removed. In sum-
mary, the evidence base included 30 studies on struvite 
precipitation and 8 studies on ammonia stripping that 
were synthesised narratively. Out of the 30 studies 
included in the struvite precipitation evidence base, 
28 were included in the quantitative synthesis and 2 
were excluded due to missing data. Within the included 
studies, some outlier experiments were excluded as 
explained in the section “Data synthesis and presen-
tation” and detailed in Additional file  6. Due to high 
heterogeneity among studies, quantitative synthesis 
could not be performed for ammonia stripping studies 
(see Narrative synthesis for ammonia stripping studies 
Y = β + b+ ε section). All the literature sources used in the review 
and the number of studies included and excluded at 
different stages of the review process are presented in 
Fig. 5.
Characteristics of studies included in narrative synthesis
All included studies (38) originated from 37 articles (one 
article included 2 studies). All the included publications 
were journal articles and were published mostly in 2018 
(note that the low number of articles in 2019 reflects 
search dates and indexing delays of different literature 
sources that were used) (see Table 1).
Overview of struvite precipitation evidence base
The evidence base for struvite precipitation included 30 
studies and 298 experiments. Out of all included studies 
that reported location, over half were conducted in Asia. 
Specifically, most were conducted in China, see Table 2.
The substrates included were sewage sludge (16 stud-
ies/53%) as well as different types of manure (14 stud-
ies/47%) (Fig. 6).
Most of the studies were conducted on small scale (27 
studies/90%). These were laboratory or bench scale oper-
ations with reactor volumes from a couple of millilitres 
to up to 10 L. Only 3 (10%) of the studies were classified 
as medium scale (defined as pilot scale operations with 
reactor volumes from 100 to up to 5000  L). There were 
no large-scale experiments (i.e. full-scale wastewater 
treatment plant operations). The majority of experiments 
were conducted using batch reactor setups (277 experi-
ments/93%), while the rest (21 experiments/7%) were 
conducted using continuous flow reactor setups.
Sources of Mg included  MgCl2 (183 experiments/61%), 
MgO (50 experiments/17%),  MgSO4 (29 experi-
ments/10%), Mg(OH)2 (25 experiments/8%) and Seawa-
ter (including bittern, which is a by-product from salt 
production from seawater) (10 experiments/3%) (Fig. 7). 
In one of the experiments, only the existing Mg in the 
waste stream was used for the reaction (Table 3).
Narrative synthesis for struvite precipitation evidence base
Twenty-five studies were excluded during critical 
appraisal due to: presence of competing or additional 
interventions that were not controlled for (14), design 
flaws (3), reporting bias (2) and clarity issues (5). Further, 
1 study was removed since  NH4, rather than  PO4, was 
limiting the reaction in all experiments. During quantita-
tive synthesis, 2 studies were excluded since they lacked 
data on process parameters, and 5 experiments were 
removed as outliers (see Additional file 6, sheet 2. Outli-
ers). All the included studies reported pH, which varied 
Page 10 of 20Lorick et al. Environ Evid            (2020) 9:27 
Fig. 5 ROSES flow diagram [31] showing all literature sources and inclusion/exclusion process for relevant studies
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between 5 and 13, as well as Mg:PO4 ratio, which varied 
between 0.5:1 and 14.5:1. The experimental design var-
ied strongly between studies. Among a total of 26 stud-
ies that were examined only 12 were subjected to an 
experimental design with true replicates, i.e. 2 or more 
experiments for at least some of the examined combina-
tions of substrate, pH, ratio of Mg:PO4 and Mg source. 
Furthermore, the studies varied strongly with respect 
to the distribution of design points. Among a total of 
35 combinations of substrate and Mg source that were 
examined only 11 had a design in which both pH and 
ratio of Mg:PO4 were varied. For 12 of the 35 combina-
tions both pH and Mg:PO4 were held fixed, and for the 
remaining 12 combinations either pH or ratio of Mg:PO4 
was fixed. Removal efficiency varied between 0.1 to 100% 
with respect to  PO4. Certain process parameters appear 
to have a clear influence on the outcome, specifically 
pH and the Mg:PO4 ratio (see section Data synthesis for 
struvite precipitation evidence base). For a complete list 
of the studies included in the evidence base and narra-
tive synthesis along with the summary of individual study 
findings, see Additional file 7.
Results of meta‑analyses of the struvite precipitation dataset
The descriptive analyses of the struvite precipitation 
dataset showed that the recovery of struvite was substan-
tial regardless of the type of substrate and other condi-
tions in the performed experiments. This was confirmed 
by the meta-analysis, in which a variance component 
model was fitted to the dataset already subjected to 
descriptive analyses (See Table  1 in Additional File 9). 
Separate meta-analyses of struvite precipitation from 
manure and sewage sludge, respectively, provided further 
evidence that struvite can be recovered regardless of the 
substrate (See Tables 2 and 3 in Additional File 9).
Together the meta-analyses also showed that the varia-
tion within studies was larger than the variation between 
studies. This was expected considering that a majority of 
the reviewed studies aimed to examine under what con-
ditions struvite precipitation is effective. For the same 
reason, this review focused on surface response model-
ling of struvite precipitation.
Data synthesis for struvite precipitation evidence base
The studies included in the final evidence base were 
judged to all be of the same validity and the influence 
of methodological differences among studies to the out-
come was not tested in the quantitative synthesis. In gen-
eral, high removal rates were achieved, with mean and 
median removal rates of  PO4 reaching 86.2% and 91.8%, 
respectively (see Additional file 6).
Both pH and the ratio of Mg to  PO4 were found to have 
a clear influence on the removal rates. When analysing 
removal rates under different pH values (regardless of sub-
strate type or Mg:PO4 ratio), the response to pH was found 
to be non-linear, with a maximum average removal found to 
be around pH 9.5 (Fig. 8). The response to pH for removal 
rates on sewage sludge took on the shape of a bell curve with 
maximum removal around pH 9.5 (Fig. 9, left). When exam-
ining removal rates of manure experiments only, the trend of 
the response was not quite as pronounced (Fig. 9, right).
When examining experiments on all types of included 
substrates, the response in removal efficiency to Mg:PO4 
ratio was found to be almost linear, with an average of 
around 85% removal at 1:1 ratio, increasing to approach 
almost complete removal at 4:1 ratio (Fig.  10). Simi-
lar trends were observed when examining experiments 
on sewage sludge and manure individually (Fig.  11). 
It should be noted that although average removal was 
found to increase with higher Mg:PO4 ratio, almost com-
plete removal was reported for some experiments with 
ratios as low as 1 to 1 (see Additional file 6).
When examining the influence of Mg source on the 
removal of  PO4-P, no obvious differences between different 
Mg sources were observed (Fig. 12). As a result, Mg source 
was not included as a variable in the prediction models.
Table 1 Publication year of included articles
Publication year Number 
of articles
2013 7
2014 4
2015 5
2016 5
2017 4
2018 11
2019 1
Table 2 Location of included studies
Continent Country Number 
of studies
Asia China 13
Israel 1
South Korea 2
Australasia Australia 1
Europe Denmark 1
Europe France 1
Spain 3
Sweden 1
North America Canada 2
USA 2
South America Brazil 1
Colombia 1
No location stated 1
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The results for the additive and the thin plate models of 
 PO4-P removal as a function of pH and Mg to  PO4 ratio 
were relatively similar. Both models show that maximum 
removal is achieved around pH 9.5, and that removal 
increases with Mg:PO4 ratio (Fig.  13). Note that in an 
additive GAM model the response to changes in one var-
iable is the same for all levels of the other variable. The 
additive GAM model in which substrate was used as an 
explanatory variable for  PO4-P removal showed simi-
lar results as well (see Additional file  8, see Fig. set 9). 
In general, all models suffered from substantial random 
variation that could not be further explored given the 
rather small sample sizes. However, this did not jeopard-
ise the general conclusion that pH and Mg:PO4 ratio have 
clear impacts on the removal efficiency of  PO4-P. A more 
detailed version of the quantitative synthesis, including 
sub-group analyses with different substrates as well as 
a summary of different models fits, is available in Addi-
tional file 8.
Fig. 6 Substrate types in the struvite precipitation evidence base
Fig. 7 Different sources of added Mg in struvite precipitation 
experiments included in quantitative synthesis
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Overview of ammonia stripping evidence base
The evidence base for effectiveness of ammonia strip-
ping was rather small, containing 8 studies that included 
42 experiments in total. Most studies were conducted in 
Europe (6 studies/75%) and 2 studies (25%) were from 
China, see Table 4.
Studies included a variety of substrates, including mix-
tures of different substrates. Four studies (9 experiments) 
were conducted in a laboratory context on a small scale, 1 
at medium scale (2 experiments) and 3 (31 experiments) 
at large scale. Five studies were conducted as batch exper-
iments and 3 as continuous experiments. Five studies had 
a counterflow reactor configuration. The remaining 3 
studies did not specify reactor configuration (Table 5).
Narrative synthesis for ammonia stripping effectiveness 
studies
No studies were excluded during critical appraisal. Stud-
ies were relatively heterogeneous (see “Review limi-
tations” for details. Various digested substrates were 
included, including sewage sludge and different types of 
manure. All studies reported pH, which varied between 
8 and 12.9. The reported gas to liquid flow ratios varied 
between 640 to 1 and 6000 to 1. Presented liquid and 
air temperatures varied between 20 and 60  °C, as well 
as between 20 and 80  °C, respectively. Only setups with 
counterflow reactor configuration were found. Total 
nitrogen removal varied between 17 and 95%. Low data 
availability and high heterogeneity between studies in 
the evidence base precluded quantitative synthesis for 
ammonia stripping dataset (see section “Review limita-
tions”). As such, no conclusions are presented regard-
ing the influence of different process parameters on the 
outcome of ammonia stripping. For a complete list of the 
studies included in the evidence base and narrative syn-
thesis, see Additional file 7.
Review limitations
The limitations of the review process may originate 
from: (1) the search strategy; and (2) bias in the pool of 
studies found. We will address both types of limitations 
consecutively.
Our searches were conducted in a limited set of lan-
guages due to the focus of the BONUS RETURN pro-
ject on the Baltic Sea Region and European contexts and 
available language skills in the review team. However, 
searches in other languages (such as German, Spanish, 
French, Russian or Chinese) would likely produce a more 
extensive evidence base. These additional searches could 
be easily conducted with more resources. Moreover, we 
have limited our search to last 6 years, partly to be able 
to build on the mapping work previously done within the 
same project [17, 18]. Future work could capture research 
published before 2013 for a more extensive evidence 
base. In order to decrease a risk of publication bias, we 
have searched for grey literature. Nevertheless, given that 
methods for assessment of publication bias are based on 
statistical analyses of relationships between the estimated 
effect size and a direct or indirect measure of the uncer-
tainty of the estimated effect size, we could not derive 
this information from our data and as a result, we could 
not statistically assess publication bias.
Studies examining the effectiveness of struvite precipi-
tation included substantial random variation that could 
not be explained with the available data. The variation 
might for example originate from differences in additions 
Table 3 The records included in the struvite evidence base
References Substrate Study scale
Bohdziewicz et al. (2012) [32] Sewage sludge Laboratory
Connan et al. (2018) [33] Sewage sludge Laboratory
Garcia-Belinchón (2013) [34] Sewage sludge Laboratory
Huang et al. (2015) [35] Sewage sludge Laboratory
Jia et al. (2017) [36] Sewage sludge Laboratory
Kalam (2015) [37] Sewage sludge Laboratory
Karabegovic et al. (2013) [38] Sewage sludge Laboratory
Lahav et al. (2013) [39] Sewage sludge Laboratory
Muhmood et al. (2018) [40] Sewage sludge Medium
Qin et al. (2018) [41] Sewage sludge Laboratory
Sharp et al. (2013) [42] Sewage sludge Medium
Xavier et al. (2014) [43] Sewage sludge Laboratory
Zheng et al. (2014) [44] Sewage sludge Laboratory
Lee et al. (2015) [45] Swine manure Laboratory
Castro et al. (2018) [46] Cow manure Medium
Farrow et al. (2017) [47] Poultry manure Laboratory
Huang et al. (2014) [48] Swine manure Laboratory
Jiang et al. (2018) [49] Swine manure Laboratory
Kim et al. (2016) [50] Swine manure Laboratory
Lin et al. (2018) [51] Swine manure Laboratory
Muhmood et al. (2018) [52] Poultry manure Laboratory
Shen et al. (2016) [53] Swine manure Laboratory
Wang et al. (2018) [54] Swine manure Laboratory
Zhang et al. (2014) [55] Poultry manure Laboratory
Zhang et al. (2019) [56] Cow manure Laboratory
Balaguer-Barbosa (2018) [57] Sewage sludge Laboratory
Liu et al. (2017) [58] Sewage sludge Laboratory
Cerrillo et al. (2015) [59] Swine manure Laboratory
Crutchik et al. (2017) [60] Sewage sludge Laboratory
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of seed crystals or from variations in total solids or nutri-
ent concentrations of the inflow. However, the evidence 
base was neither large enough nor homogeneous enough 
to investigate the influence of these parameters on the 
outcome. The random variation, however, did not jeop-
ardise the conclusions regarding the impact of pH and 
Mg:PO4 ratio on the outcome, since these relationships 
were obvious. In addition, due to lack of data for some 
values of pH and Mg:PO 4 ratio, the predicted removal in 
some areas of the developed models is uncertain.
The studies on ammonia stripping displayed high 
heterogeneity with respect to what parameters and 
outcomes were reported, even though all the stud-
ies treated ammonia stripping of the liquid phase of 
anaerobic digestate. For example, liquid to gas flow 
ratio is only presented in three out of seven studies in 
the final evidence base. When it comes to tempera-
ture, some authors present only the air temperature, 
others present only the liquid temperature, and others 
still present only the temperature of the reactor. There 
are also differences in whether the authors present 
removal or recovery as a measure of outcome, and how 
they define the two. Moreover, authors apply different 
techniques for measuring N concentrations, i.e. total 
N, ammonia-N and total ammonia nitrogen (TAN). All 
these issues contribute to the incomparability of the 
individual study findings, which complicates synthesis 
Fig. 8 PO4–P removal as a function of pH, all substrates (different substrates are shown, but the variation between different substrates was not 
taken into account when producing the function). Each dot represents an experiment
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of the evidence. Different N measuring techniques was 
also a problem for the struvite precipitation studies, 
which contributed to the decision of not performing 
quantitative synthesis with respect to removal of  NH4 
for struvite precipitation.
Review conclusions
Implications for research
For struvite precipitation, the quantitative synthesis 
showed that the maximum efficiency of the process is 
achieved around pH 9.5. Mg to  PO4 ratio was found to 
have a positive effect on removal up to a ratio as high 
as 4 to 1. However, dosing Mg in excess adds additional 
costs, and it should be noted that relatively high effi-
ciencies were achieved at a ratio as low as 1 to 1 as well. 
Although the effects of pH and Mg to  PO4 ratio were 
clear, the models developed could not accurately pre-
dict removal based on these two parameters alone. This 
could be due to random variation between experiments, 
but it may also be due to the influence of other process 
parameters. Although the evidence base for struvite 
precipitation was deemed too limited to draw conclu-
sions regarding process parameters other than pH and 
Mg:PO4 ratio, it is noted that other parameters may 
exert an influence on the outcome and as such could 
be interesting to investigate further. These include total 
solid content, initial concentrations of reactants, seed 
crystal additions, reaction time and temperature.
The evidence base for ammonia stripping was consid-
ered too small and too heterogenous to be quantitatively 
synthesised. To ensure comparability for future research, 
we call on authors to present at least the following 
parameters when performing experiments on ammonia 
stripping:
• pH of the inflow to the stripping process
• Liquid and air flow rates
• Temperature of both the liquid and the air in the 
inflow
• Concentrations in terms of ammonia or TAN as well 
as total nitrogen
• Both removal and recovery in the stripping column 
as well as recovery in the acid scrubber
In order for struvite precipitation and ammonia strip-
ping to be useful technologies in the transition towards a 
circular economy, it is not enough that the technical pro-
cesses are efficient (as evaluated in this review). In order 
to close the nutrient cycle, it is also essential that the 
products are reused effectively (e.g. as soil amendments) 
[69]. The effectiveness of the products of struvite precipi-
tation and ammonia stripping (struvite and ammonium 
sulphate) is currently being addressed in a parallel review 
[27].
Implications for policy/management
Our findings suggest that, when performed under the 
right conditions (i.e. pH around 9.5 and Mg:PO4 ratio of 
Fig. 9 PO4–P removal as a function of pH for sewage sludge (left) and manure (right). Different colours depict different substrates. Differences in 
manure type were not accounted in for this analysis. Each dot represents an experiment
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Fig. 10 PO4–P removal as a function of Mg:PO4 ratio, all substrates (different substrates are shown, but the variation between different substrates 
was not taken into account when producing the function). Each dot represents an experiment
Fig. 11 PO4–P removal as a function of Mg:PO4 ratio for sewage sludge (left) and manure (right). Each dot represents an experiment
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at least 1:1), struvite precipitation is an effective technol-
ogy for the recovery of nutrients from the liquid phase 
of anaerobic digestate. The evidence base was limited 
for ammonia stripping. In a wastewater treatment set-
ting, both struvite precipitation and ammonia stripping 
could be applied to the liquid phase of digested sewage 
sludge in order to produce a fertilizer product. In an 
agricultural setting, both technologies could be applied 
to the liquid phase of digested manure in order to pro-
duce fertilizer products that are easier to transport than 
manure. Note, however, that the potential yield of the 
product (struvite or ammonium sulphate) is limited to 
the amount of nutrients in the liquid phase of the diges-
tate. The present work provides a wider understanding 
of struvite precipitation and ammonia stripping and the 
conditions under which these technologies are effective. 
This work contributes to a knowledge base for the transi-
tion to a circular economy, nutrient circularity and food 
security.
Fig. 12 PO4–P removal as a function of Mg source (see legend), divided per substrate
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